Chiral fields, i. e., electromagnetic fields with nonvanishing optical chirality, can occur next to symmetric nanostructures without geometrical chirality illuminated with linearly polarized light at normal incidence. A simple dipole model is utilized to explain this behavior theoretically. Illuminated with circularly polarized light, the chiral near-fields are still dominated by the distributions found for the linear polarization but show additional features due to the optical chirality of the incident light. Rotating the angle of linear polarization introduces more subtle changes to the distribution of optical chirality. Using our findings, we propose a novel scheme to obtain chiroptical far-field response using linearly polarized light, which could be utilized for applications such as optical enantiomer sensing. 
Introduction
Geometrical chirality -the absence of mirror symmetry -is an integral component of our world. For example, most biomolecules such as essential amino acids are chiral in that sense. The two mirror-symmetric enantiomers of a geometrically chiral object differ only in their handedness. Interaction with circularly polarized light, which is also chiral, causes effects such as circular dichroism and optical rotatory dispersion [1] . This chiroptical far-field response is a consequence of geometrical chirality. In recent years, the concept of chirality has gathered substantial attention in the field of plasmonics [2] [3] [4] [5] [6] [7] . Artificial geometrically chiral nanostructures with huge chiroptical farfield responses were reported in planar [8] [9] [10] [11] , bi-and multilayered [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , and even threedimensional geometries [22] [23] [24] [25] [26] [27] . First results also indicate that plasmonic nanostructures can enhance the interaction of chiral molecules placed in the vicinity of the structure with circularly polarized light, which is a route to highly sensitive enantiomer sensing [28] [29] [30] [31] [32] [33] [34] .
For such applications, not only the chiroptical far-field response but the chiroptical near-field response of plasmonic nanostructures is of major importance. It can be quantified using the so-called optical chirality [35] [36] [37] [38] 
which can be calculated for any monochromatic electromagnetic field. However, optical chirality should not be confused with the general geometrical concept of chirality. While the latter describes the mathematical concept of the absence of mirror symmetry within the structure, optical chirality is a physical property of an electromagnetic field. The link to the geometrical concept of chirality is established because the definition given in Eq.( 1) fulfills the same symmetry constraints as geometrical chirality: optical chirality is a scalar value that is even in time and odd in parity. In the following, the term "chiral field" refers to electromagnetic fields with nonzero optical chirality, while the geometrical concept of chirality is addressed by "geometrical chirality". The fundamental antenna mode exhibits strongest intensity of the electric field at the ends of the rod. The distribution differs significantly from the regions with strongest optical chirality.
The optical chirality of plane waves depends on their polarization state. Maximum optical chirality is reached for circularly polarized light, which is also geometrically chiral as the field vectors are arranged helically in space:
Positive optical chirality corresponds to left-handed, negative one to right-handed circularly polarized light, respectively. It depends on both the intensity as well as the frequency of the wave. Similar to the electric field enhancement in plasmonic nanostructures [39-42], the optical chirality can be enhanced in the near-field of such structures. It has been found that structures with strong planar or three-dimensional geometrical chirality show the highest enhancement of optical chirality [43] . These structures would also lead to some chiroptical far-field response, namely either circular dichroism for three-dimensional geometrically chiral structures, or circular conversion dichroism for structures featuring planar geometrical chirality [44, 45] . Equation (1) indicates that one needs two prerequisites to obtain chiral near-fields: First, some component of the electric field vector must be parallel to the magnetic field vector. Second, these components must not be in phase. Recently, Hendry et al. demonstrated a very simple design where a lateral shift between two slits in a metallic film ensures the required relations between the electric and magnetic near-fields of the single slits [46] . This arrangement leads to planar geometrical chirality, and its handedness determines the handedness of the chiral fields. Earlier work also indicates that planar geometrically chiral structures can lead to local chiral fields [47, 48] .
By now, to the best of our knowledge, no chiroptical far-field response has been reported for structures without geometrical chirality. Chiral near-fields, on the other hand, have been found in the vicinity of geometrically achiral structures [49] . However, a three-dimensional geometrically chiral situation was formed in combination with the incident polarization. We show in this paper that chiral near-fields can be even formed under conditions without any geometrical chirality at all.
Optical chirality of a plasmonic rod antenna
We consider a linear plasmonic gold nanoantenna that exhibits neither three-dimensional nor planar geometrical chirality. Therefore, no chiroptical far-field response can be obtained. The structure is illuminated with linearly polarized light where the electric field vector is parallel to the antenna axis. The combination of structure and incident polarization exhibits no geometrical chirality. The results for this configuration can be seen in Fig. 1(a) , which depicts the optical chirality near the nanoantenna. Local chiral fields that arise from this geometrically achiral system are clearly visible.
The dimensions of the antenna are 200 nm in length and 80 nm in width with a thickness of 20 nm which leads to a resonance at 217 THz. The fields were calculated using a FMMbased Maxwell solver with a Drude model for gold [50] . The resulting optical chirality was normalized by the absolute values obtained for circularly polarized incident light (cf. Eq. (2)) at the same frequency without the nanostructure. Thus, the calculated values are independent of frequency as well as intensity of the incident light. Both the structure as well as the incident light are achiral in both two and three dimensions. Also, influences from spatial dispersion [51] can be excluded as all calculations were carried out at normal incidence.
The regions with strong optical chirality form four main lobes originating from the sides of the antenna with alternating handedness of the chiral fields. At the front of the structure, four smaller regions with opposite handedness than the corresponding main lobes occur additionally. Due to the symmetry of the configuration, the integral over optical chirality in each slice normal to the propagation direction of the incident light vanishes.
Compared to the distribution of electric field enhancement (shown in Fig. 1(b) ) the shapes of the respective fields are different. Hence, the formation and enhancement of chiral fields are no direct consequence of electric field enhancement alone. The chiral near-fields can also not be explained by just the scattered field of the antenna. Analysis of the fields of the fundamental mode of the antenna calculated by a FMM mode solver [52] without an external stimulus yields no optical chirality, as the respective electric and magnetic fields are orthogonal. For a proper explanation the incident field has to be taken into account. The generated optical chirality is a result of the interference between incident and scattered fields.
Dipole model for the generation of chiral fields
To demonstrate the underlying mechanism, we replace the nanoantenna with a point dipole. A Hertzian dipole directly supports the second prerequisite for chiral fields because the electric and magnetic fields feature a perfect phase difference of π /2 in the near-field. Nevertheless, the field lines are orthogonal at each point in space, leading to no optical chirality at all. In the presence of an external driving field, however, the lines can become distorted in a way such that optical chirality occurs.
We model the incident electromagnetic field as an arbitrary polarized plane wave propagating in z-direction:
Here, E 0 is the electric field amplitude, k the wave number, c the vacuum velocity of light, and e z describes the unit vector in z-direction. The polarization state is determined by the Jones vector J. The induced dipole fields close to the antenna can be approximately described by [53] 
Here, ε 0 and μ 0 are the permittivity and permeability of vacuum, respectively. n = r /r is the normal vector, p is the dipole vector that describes the orientation of the dipole in space. The coupling term χ accounts for the fact that the dipole is driven by an external field:
It accounts for two things: Firstly, only components of the electric field parallel to the dipole axis can excite the dipole. Secondly, a phase shift of π /2 between the incident electric field and the electric field of the dipole is introduced according to theoretical predictions for plasmonic antennas driven at resonance frequency [54, 55] . Using this model the optical chirality of a driven Hertzian dipole can be calculated as
Here, C in is the optical chirality of the incident electromagnetic field. E * d · B d vanishes as the electric and magnetic field lines of the undistorted dipole are orthogonal. Therefore, the electromagnetic near-field of the dipole alone is achiral at every point in space.
This simple model cannot be used for a quantitative analysis as important aspects such as dipole strength or absorption in the antenna are not taken into account. Nevertheless, it is useful to obtain more general insight into the principles behind generation and enhancement of fields with nonzero optical chirality. Figure 2 shows the calculated optical chirality for a dipole oriented in y-direction. The obtained values have been plotted in a logarithmic scale for better contrast. The incident light was also y-polarized. This corresponds to the situation in Fig. 1(a) where a linear antenna was driven by linearly polarized light. In both the simulation and the dipole model one recognizes the four main lobes with alternating sign of optical chirality (and thus alternating handedness of the chiral fields) around the scatterer. In this way, the simple Hertzian dipole is a good model for the plasmonic nanoantenna. Nevertheless, the additional distortions at the front of the structure are not accounted for in the model. Hence, they should be related to the finite dimensions of the plasmonic antenna.
Incident light with polarization parallel to the dipole axis
To understand the fundamental behavior behind the generation of chiral fields by a linear antenna, we evaluate Eq. (8) using the Jones vector of linearly polarized light. Im(E * in · B d ) vanishes as the magnetic field component parallel to the dipole axis is zero. As linearly polarized light features no optical chirality, one obtains
This equation shows that the induced optical chirality is due to an interaction of the magnetic field of the incident light, which is only present in x-direction, with the scattered electric field of the dipole. As the incident magnetic field of the incoming plane wave is uniform, the four lobes and their alternating signs are a result of the distribution of the x-component of the dipole field. It changes indeed sign at each quadrant of the x, y-plane. For each point on that plane the sign is independent of z. Also, strongest values of E x occur at lines with an angle of 45 • with respect to the coordinate axis while this component vanishes at the x-and y-axis. Therefore, the shape of the chiral fields can be explained just by geometric considerations. Note that one quantity determining the values of optical chirality is the field enhancement due to the dependence of C lin d on the scattered electric field. Hence, one way to increase the optical chirality would be to alter the design in a way that the field enhancement is increased. Nevertheless, the dipolar character of the scattered fields must be maintained to keep our simple model applicable.
Incident light with circular polarization
For incident circularly polarized light, which already exhibits nonvanishing optical chirality itself, we have
We start the evaluation of Eq. (8) with a discussion of Im(E * d · B in ). As the x-and y-component of the incident magnetic field are π /2 out of phase while all components of the electric field of the dipole are in phase, only one of the two terms obtained in the scalar product can contribute to optical chirality. Careful examination yields that this is indeed the x-component as in the case of linearly polarized incident light.
We get an additional contribution from Im(E * in · B d ) due to the nonvanishing x-component of the incident electric field. As B d,y is still zero the optical chirality of the Hertzian dipole driven by circularly polarized light can be written as
C CPL in denotes the intrinsic optical chirality of circularly polarized light while C lin d is the distribution of optical chirality obtained for linearly polarized incident light (cf. Eq. (12)). Hence, switching from linearly to circularly polarized light only adds additional terms to the response for linearly polarized light.
The three terms behave differently when the handedness of the incident circular polarization is changed. Firstly, C lin d does not depend on the handedness of the incident field as it occurs already for linear polarization. The sign of C CPL in , which originates from the incident field alone, differs for the two different polarizations. The third term requires more detailed analysis: In our description, the scattered fields of the dipole exhibit a sign flip when the handedness of the incident polarization is switched while the incident polarization does not (cf. Eq. (10) . Therefore, the third term also flips its sign when the incident polarization changes. One can deduce from the symmetry of the x-component of the induced magnetic field that the third term additionally changes its sign between the two half spaces defined by the x, y-plane. Nevertheless, some additional distortions occur at the front of the structure (also occuring in the plot in Fig. 1(a) ) that cannot be explained by this simple model.
Due to this sign flip, the volume integral over the third term in Eq. (11) vanishes. Thus, the volume integral of the optical chirality in this configuration is determined by the optical chirality of the incident light. This finding is consistent with the intuitive imagination that the presence of an achiral structure should only induce local changes that vanish when integrated over all space. Figure 3 shows the behavior of a linear plasmonic nanoantenna at its fundamental plasmon resonance for circularly polarized incident light in both simulation as well as the dipole model. Slices normal to the propagation direction 30 nm in front and behind the structure are shown to obtain a better comparison of the different scenarios. The equivalent distance in wavelength units has been used for the z-distance in the dipole model. Note that the x-and y-axis do not correspond to the scales used to plot the simulations. This can be related to the finite dimensions of the plasmonic antenna, which cannot be taken into account using our model.
One can clearly identify the four main lobes that already occured for linearly polarized incident light. As discussed, these lobes experience no sign flip when the handedness of the incident polarization is switched. Due to the circularly polarized incident light, two opposing lobes are slightly connected. The pair of lobes forming this connection changes depending on the handedness of the incident light as well as the z-position. The changing response in the slices in front and behind the structure is a clear indication that the third term in Eq. (11) dominates over the optical chirality of the circularly polarized incident light that only adds a constant value independent of the spatial position. Figure 3 also demonstrates that the influence of C lin d is indeed strong as it determines the general shape of the chiral near-fields. Next to the structure, where optical chirality is strongest, the second and third term in Eq. (11) induce only minor changes to the chiral field distributions. For larger distances, however, the difference for the two excitations becomes more pronounced. Nevertheless, the absolute values of optical chirality decreases with increasing distance.
This behavior can also be understood through our dipole model as C lin d is determined by the electric field of the dipole while the magnetic field enters the third term of Eq. (11). The electric near-field is stronger but decays faster than the magnetic field of the Hertzian dipole as can be seen from Eqs. (5) and (6).
This distance-dependent difference of the single contributions to optical chirality leads to the interesting effect that three-dimensional maps of optical chirality for circularly polarized incident light look similar as the one shown in Fig. 1(a) for linearly polarized light. Close to the structure, the contribution of C lin d dominates while for larger distances optical chirality becomes too small to be visible in the map.
The field plots generated by the dipole model (cf. Fig. 3 ) resemble the simulated results with good agreement. The general behavior of the plasmonic antenna illuminated with circularly polarized light can be explained qualitatively: only the distortions at the front cannot be found in the model, which was also the case for linearly polarized incident light.
Linearly polarized incident light with arbitrary polarization angle
A third configuration, which is different from both illumination schemes discussed thus far, is linearly polarized light with a nonzero angle ϕ between the electric field and the dipole axis. As in the case of circularly polarized light both the x-and y-component of the incident fields are present. The difference is the absence of the π /2 phaseshift for the single components of each field. Therefore, E in and B d are in phase and the corresponding term in Eq. (8) vanishes. In exchange, the y-component of the incident magnetic field and the electric field of the dipole are out of phase and therefore contribute to optical chirality.
As a result, we obtain C
This equation might look similar to the results we analyzed before. Nevertheless, there is a crucial difference: for the first time also the y-component of the fields, which is the component parallel to the dipole axis, contributes to optical chirality. Also, both contributing terms are of the same magnitude at each distance. For the case of circularly polarized light, one could still interpret the plots as a superposition of C lin d and some additional components. This picture becomes more complicated for linearly polarized light with arbitrary polarization angles (cf. Fig. 4 ): We do still find connected lobes as in the case of circularly polarized incident light. But now in addition the whole configuration is rotated. The absolute values of optical chirality increase with increasing polarization angle (up to a maximum at ϕ = 45 • ). The values decrease for larger angles as the excitation of the dipole decreases as well with vanishing optical chirality at ϕ = 90 • . Note that the angle with maximum optical chirality depends strongly on the excitation efficiency of the dipole which is not explicitly taken into account in our simple model.
As a result we find that circularly polarized incident light leads to quite similar distributions of optical chirality as light polarized parallel to the dipole axis. However, the picture becomes more complicated as soon as the polarization direction is rotated.
Novel scheme for chiroptical spectroscopy
Based on our theoretical findings, we propose the following measurement scheme: We consider a gold square instead of the linear antenna previously analyzed. For incident light with linear polarization in y-direction, essentially the same distribution of optical chirality as for the linear antenna shown in Fig. 1 (a) occurs with only minor differences due to the different dimensions (cf. Fig. 5(a) ). In contrast to the case of the antenna, the incident light here is also in resonance with the structure for the orthogonal polarization. In this case, the pattern of optical chirality is just twisted by 90 • as shown in Fig. 5(b) . At each position in space the sign of optical chirality changes for the two different linear polarizations.
The excitation of chiral molecules depends on the value of optical chirality [36] . Thus, we expect a difference in absorption for the two linear polarizations when placing a molecule in one of the four main lobes. This will not occur without the nanosquare as the absorption of linearly polarized light by an isotropic distribution of chiral molecules is independent of the polarization angle.
Nevertheless, it is important to deposit molecules only onto regions with the same sign of optical chirality. If the complete square were covered homogeneously with molecules, the difference in absortion would be expected to vanish when averaged over a large area. To obtain this, we suggest a design as shown in Fig. 5(c) : Starting from an array of gold nanosquares, an additional layer is added. In this layer, diagonal stripes block the access to two opposite corners of the square. Thus, only one handedness of the generated chiral near-field is accessible for molecules. One can get rid of the distortions at the front of the structure by illuminating the sample from the bottom. Then the substrate prevents accessing these areas.
This geometry should in principle allow circular dichroism type measurements with linearly polarized light. Conventional circular dichroism spectroscopy measures the difference in absorption of left-and right-handed circularly polarized light. In our geometry, chiral fields of opposite handedness are instead generated by linearly polarized incident light impinging on the nanosquares. Chiral molecules placed in a groove interact with only one polarity of the resulting difference in optical chirality as depicted in the close-up in Fig. 5(c) .
Spectroscopic measurements employing linearly polarized light are simpler than those using circularly polarized light as no broadband circular polarizer is needed. We suggest to match the refractive index of the chiral medium to that of the the top layer to suppress contributions from a refractive index grating. Nevertheless, additional investigations to estimate the sensitivity of our proposed device compared to common circular dichroism measurement schemes are necessary. The higher optical chirality relative to a circularly polarized plane wave (cf. When the orthogonal polarization is used, the incident light is still in resonance with the square which leads to the same pattern of optical chirality but rotatet by 90 • . Note that the scale of the color bar is only half as big as for the linear antenna shown in Fig. 1(a) . (c) When only two opposite corners are accessible by chiral molecules this geometry could be used for circular dichroism type measurements but with incident linearly polarized light to experimentally verify our theoretical findings. The close-up shows the calculated difference in optical chirality for the two different incident polarizations. Only one handedness of the chiral fields can be accessed.
this increase due to the normalization discussed in Section 2) already indicates an enhancement of the sensitivity.
Conclusion
In conclusion, we have shown that a geometrically achiral configuration, namely the illumination of a linear plasmonic nanoantenna with linearly polarized light at normal incidence, will generate chiral near-fields. We have demonstrated that it is sufficient to analyze a driven Hertzian dipole to explain the resulting field distributions. Using this simple model, the general chiroptical near-field response of the linear antenna for different incident polarization states can be understood qualitatively. Additionally, we have proposed an experimental setup to verify our findings, which leads to a novel scheme for chiroptical spectroscopy using linearly instead of circularly polarized light. Future research will analyze the quantitative capabilities of such sensing devices. Additionally, our dipole model will be extended to analyze structures with more complex geometries in the future.
